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Abstract 
The use of high strength steel alloys for shipbuilding applications has increased in recent years in an effort to decrease costs
associated with the manufacture (i.e. material and welding costs) and operation (i.e. fuel economy) of naval vessels. The use of
thinner hull plate has implications for many design criteria, including high strain rate (impact and shock loading) performance.
Increasingly, numerical modeling is being used to simulate high strain rate loading events on naval vessels, such as collisions and 
weapons attacks, with a goal of assessing operational limits. Accurate and reliable high strain rate material data must be used to 
ensure the accuracy of the numerical models.  Confidence in measured data can only be achieved if the potential sources of error
in the measurement system have been eliminated, minimized or characterized. 
The mechanical behavior of three naval alloys, MIL S-16216K (HY-80), ASTM A517 grade F and CSA G40-21 350WT cat 5 
were quantified under high strain rate (103 s-1) compression using a Split Hopkinson Pressure Bar (SHPB) apparatus.  A 
systematic error analysis was conducted on the SHPB apparatus to identify potential sources of error in the test set-up, data 
acquisition and data processing.  The identified sources of error were then eliminated, minimized or compensated for, in order to 
improve the accuracy of the testing apparatus.  SHPB compression data are compared to quasi-static tensile behavior. 
Metallography was conducted before and after high strain rate testing in order to investigate the deformation mechanisms that 
occurred in the alloys during the high strain rate loading events. 
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1. Introduction 
Over the past ~30 years, high strength steels have gained popularity for use in shipbuilding applications [1] and 
have been incorporated into commercial shipbuilding standards [2,3].  The increased strength of these alloys 
facilitates the use of thinner sections which leads to weight reduction and potentially increased payload, mobility 
and fuel economy [1].  Classification societies, such as Lloyd’s Register (LR) and American Bureau of Shipping 
(ABS) have provision for high strength steels with minimum yield strengths ranging between 265 and 390 MPa 
[2,3].  Steels with higher strength levels than those specified by military or commercial naval standards have also 
been incorporated into shipbuilding [1].   These alloys are often supplied in the quenched and tempered condition 
and obtain their high strength through alloying additions.  Examples of these alloys include the ‘high yield’ (HY) 
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series alloys [4], and Canadian Standards Association (CSA) G40.20/40.21 350WT [5,6] and ASTM A517 [7], all of 
which have been used on Canadian Naval Platforms.   
In some applications, the ability to reduce section thickness by using high strength steel is limited by stiffness 
considerations (i.e. buckling susceptibility).  Consequently, thorough design analysis is required to optimize the use 
of high strength steel in shipbuilding.  Increasingly, numerical analysis techniques, such as finite element modeling, 
are employed for this task.  Improved computing power and sophistication of numerical models have made non-
linear analysis possible.  This allows high strain rate loading events, such as collisions or weapons attacks, to be 
modeled using finite element methods.  These analysis tools can be applied to the development of new ship designs 
or to the analysis of existing platforms.   
For numerical modeling tools to be accurate, and thus effective, they require reliable material data inputs.  
Numeric material model parameters for alloys of interest can be calculated from stress-strain data measured at a 
variety of strain rates, temperatures and stress triaxiality.  The number and variety of tests required to calculate 
model parameters are dependent on the complexity of the material model.  Split Hopkinson Pressure Bars (SHPB) 
can be used to measure the stress-strain response of materials at loading rates in the order of 103 to 104 strain/second 
[8].  The reliability of the measured data is dependent on the accuracy of the testing apparatus. This paper describes 
an extensive, systematic analysis that has been conducted to identify the potential sources of error within a SHPB 
testing system.  These potential sources of error have been eliminated, minimized or compensated for, in order to 
improve the accuracy of the testing apparatus.  This optimized test system was then used to evaluate the high strain 
rate performance of three naval steels: ASTM A517 Grade F [7], HY80 [4] and CSA G40.21/40.20 350WT [5,6].  
High strain rate data that was generated using the apparatus are presented. 
2. Experimental Procedures 
2.1. Materials 
The following high strength steels were evaluated:  ASTM A517 Grade F [7], NAVSEA T9074 HY80 [4] and 
CSA G40.21 350WT [5,6]. These alloys will be hereafter referred to as A517, HY80 and 350WT, respectively.  
They are all quenched and tempered steels that obtain their strength through alloying additions.  The minimum 
specified yield strengths are 690 MPa, 550 MPa and 350 MPa for A517, HY80 and 350WT, respectively.  All of the 
alloys were received in plate form.  The A517, HY80 and 350WT plates were 1s, 1 1/4s and 5/8s thick, respectively. 
2.2. Sample Preparation 
SHPB samples are short cylinders that are prepared with special attention to surface finish and achieving parallel 
faces.  The target impedance value for the SHPB samples is 50% of the input and output bars.  This corresponded to 
an 8.4 mm diameter for the materials and SHPB apparatus in question.  However, experience with similar high 
strength alloys indicated that the diameter would have to be smaller in order to achieve significant plastic 
deformation in the samples.  Three geometries of SHPB samples were tested: 4 mm  × 2 mm length, 
6 mm  × 2 mm and 6 mm  × 3 mm.  The different diameters and lengths allowed different strain rates and 
degrees of plasticity to be evaluated.  The axis of each sample was parallel to the thickness direction of the plates.  
To produce a good surface finish and geometric tolerance, the samples were manufactured using electric discharge 
machining.   
Round tensile samples with a 0.25s diameter and 1s gage length were machined from the three alloys.  Samples 
were machined parallel and perpendicular to the rolling direction using conventional milling and lathe procedures.  
The gage section of the samples were sanded parallel to the loading direction with 360 grit sandpaper in order to 
remove any machining marks.   
2.3. Testing Procedures 
High strain rate compression tests were conducted on the SHPB system.  The input and output bars were 
fabricated from maraging steel and were 800 mm long with a 14.5 mm diameter.  The striker, which was 
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manufactured from the same material as the instrumented bars, had a diameter of 14.3 mm, a length of 200 mm.  It 
was fired from a gas gun, with a target impact speed of 20 m/s.  The resulting average strain rates in the samples 
were 7.7×103, 5.1×103 and 3.5×103 strain/s for the 4  mm  × 2 mm, 6 mm  × 2 mm, 6 mm  × 3 mm samples, 
respectively.  The raw strain data was analyzed using HKPB ANALYSIS software Version 9.88/9.  
Quasi-static tensile testing was conducted on a closed-loop servo-hydraulic load frame at a strain rate of 
~10-3 strain/s.  An MTS model #634.12-F24 extensometer measured the strain over a 1s gage length for the entire 
test.
Metallography was conducted on the alloys prior to testing and on some of the tested SHPB samples.  The 
samples were sectioned using a Buelher Isomet-4000 precision saw, mounted in phenolic, polished to a 0.3 Pm
finish and etched with 2% nital.  The microstructure was examined with an Olympus PMG3 optical microscope. 
3. Optimization of SHPB system 
To conduct a SHPB compression test, a cylindrical sample is placed between two long, instrumented bars that are 
fabricated from a high strength alloy, such as maraging steel (Fig. 1).  A striker impacts the far end of the input bar, 
causing a compression wave (incident wave) to travel along the input bar.  When the pulse encounters the interface 
between the sample and input bar, a portion of the incident wave is reflected back along the input bar (reflected 
wave) as a tensile wave and a portion continues through the sample and into the output bar (transmitted wave).  A 
momentum trap is placed at the far end of the output bar to avoid displacement of the output bar.  Two strain gages 
are affixed on diametrally opposite sides of the each bar, at the mid-point of the length, so that the incident, 
transmitted and reflected waves can be measured.   
Fig. 1. Schematic of a SHPB apparatus 
Assuming that the bar does not yield during loading, that the wave in the bars is one-dimensional and that the 
sample deforms uniformly, the stress in the sample can be calculated from the transmitted pulse using the equation: 
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where Vs(t) is the calculated stress, Ab and As are the cross-sectional areas of the instrumented bars and the 
sample, respectively, Eb is Young’s modulus of the instrumented bar alloy and Ht(t) is the strain measured in the 
output bar (i.e. the transmitted pulse).  
The strain in the sample can be calculated from the reflected pulse using the equation: 
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and Hs(t) is the strain in the sample, cb is the speed of sound in the instrumented bar, Ls is the length of the sample, 
Hs(t) is the strain measured in the input bar (i.e. the reflected pulse) and Ub is the density of the instrumented bar. 
A systematic analysis was conducted on the SHPB systems used in the present study in order to identify and 
mitigate the potential sources of error in the instrumented bar, the strain gages and the data acquisition system.  
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Bolduc and Arsenault present a detailed description of the error analysis in [9]. A summary of the principal findings 
is provided in this report.  
3.1. Sources of error in the instrumented bar  
Equations 1 to 3 indicate that the material properties of the instrumented bars, E and U play an important role in 
the analysis of SHPB data. Often these values are taken from the open literature or commercially available material 
property databases. However, the potential error in these values is significantly reduced by determining the values 
experimentally.  For example, the estimated error associated with experimentally determined E and U values has 
been shown to be 0.49% and 0.012%, respectively [9].  The experimentally determined E and U values for the 
incident bars used in this study were 182 GPa and 8064 kg/m3, respectively.  Commercially available material 
property databases report values of E between 183 and 200 GPa, and values of U between 8027 and 8080 kg/m3 [9].  
If these commercially available material properties were used, it would result in errors between 0.55 and 9.89% for 
E and -0.46 and 0.20% for U (when compared to the measured values).   
Direct measurement of cb can have significant error due to the difficulty of determining the start time of a pulse 
and dispersion of the pulse in the bar. For this study, cb was calculated using Equation 3 and the experimentally 
determined E and U values, resulting in an estimated error of 0.24%.  If the E and U values from the commercial 
material property data base were used, the error in cb would be between 0.51 and 4.71%. 
3.2. Strain gage accuracy  
As the strain gages are the interface between the physical test set-up and the data acquisition, they play an 
important role in the accuracy of the system. Potential sources of error associated with the strain gages are discussed 
below: 
3.2.1. Strain gage alignment and transverse sensitivity 
Slight misalignments of the strain gages are unavoidable, especially when gages are being mounted on a curved 
surface, such as the instrumented SHPB bars (Fig. 2). However, if the degree of misalignment is known, these errors 
can be corrected during data analysis. Additional errors are introduced if the strain gage signal is affected by the 
lateral expansion which occurs when a compressive axial load is applied to the instrumented bars (Hooke’s Law). 
The degree to which the strain gage signal is affected by lateral expansion is referred to as the transverse 
sensitivity, ts. The error induced by the transverse sensitivity of the gage is a product of the transverse sensitivity and 
Poisson’s ratio. Misalignment of the strain gages affects the transverse component of the strain gage response in a 
similar manner as the axial component. 
Fig. 2. Misalignment of strain gages on the instrumented bar 
Transverse sensitivity and gage misalignment were corrected using the relationship: 
DQHDHDQHDHH cossinsincosˆ ss tt    (4) 
where Hˆ is the indicated strain (measured by the strain gages), H is the actual axial strain and Q is Poisson’s ratio. 
The combined effect of 5q misalignment and 4% transverse sensitivity could result in an error of -4.22% (assuming 
Q=0.33). When the correction is applied, the error is reduced to that associated with the uncertainty in the angular 
misalignment measurement. This error was calculated to be -0.35% for strain gages with a 2.43 mm distance 
between alignment marks. The error decreases significantly if longer strain gages are used. 
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3.2.2. Gage factor 
Strain gage manufacturers report a tolerance on the gage factor that is based on destructive testing conducted on 
randomly selected gages from each manufacturing batch. The SHPB apparatus employed in this study uses foil 
strain gages, which typically have a tolerance of approximately r2%. To minimize the error associated with the 
uncertainty in the gage factors, on-board static and dynamic system calibrations were conducted. A cylindrical load 
cell was made by strain gaging a short piece of the instrumented bar material and then calibrating it on a Tinius 
Olsen model Super L (398) load frame. It was sandwiched between the input and output bars for both the static and 
dynamic calibrations. For the static calibration, a pressure screw applied a load at one end of the input bar while a 
commercial load cell measured the load at the opposite end of the output bar. The gage factor for each strain gage 
was determined, taking into account bridge non-linearity and initial bridge unbalance. For the dynamic calibration, 
the input bar was impacted with a striker. Since the impedance of the load cell and the instrument bars are exactly 
the same, 100% of the signal was transmitted through the load cell and into the output bar. The signals from the 
strain gages were compared to ensure that the measured amplitudes were consistent. 
3.2.3. Length of the strain gages  
The signal output by a strain gage is a function of the average strain over the area of the grid section. As a 
consequence, the peak strain value will always appear to be lower than it actually is, resulting in signal attenuation. 
The attenuation increases as the ratio of strain gage length to wave length increases. Kaiser [10] identified an 
equation to calculate the theoretical attenuation for strain gages. Assuming gage length of 0.381 mm, the attenuation 
is calculated to be 0.016% at 125 kHz (which is the highest frequency in the analysis). This value is low enough to 
ignore the effect of signal attenuation.  
3.2.4. Strain gage bridge non-linearity 
The strain gages on the instrumented bars are conditioned through a Wheatstone bridge. The response of the 
Wheatstone bridge is non-linear and consequently it can introduce error into the strain gage signal. The error 
increases as the measured strain and gage factor increase. It is especially important to correct for bridge non-
linearity and initial imbalance when semi-conductor strain gages are used, as they have gage factors in the order of 
155, as opposed to 2 for the foil gages.  In this work, the initial bridge imbalance was measured for each strain gage 
and the bridge non-linearity was accounted for during data analysis.  
3.3. Data acquisition chain accuracy 
The data acquisition on the SHPB system consists of a signal conditioner, amplifier, MT-aliasing filter and 
finally an analog-to-digital converter (ADC). The effect of gain setting and frequency on the amplification and 
phase distortion of the amplifier were calibrated and incorporated in the data processing. The conditioner bridge 
excitation voltage was also calibrated and incorporated into the data processing system. 
To combat the effects of aliasing during the analog-to-digital conversion, a 6-pole Bessel filter is used to limit the 
band width to ¼ of the sampling frequency. Bessel filters were used because they preserve the phase information of 
the data. The 12-bit ADC has a resolution of 0.024%, which is considered to be an acceptable error.  
4. Results 
The sample-to-sample variation in mechanical behavior was not significant for either the quasi-static tensile tests 
or the SHPB compression tests. The variation in tensile properties parallel and perpendicular to the loading direction 
were also insignificant. Representative true-stress vs. true-strain curves for the different steel alloys are presented in 
Fig 3. An increase in strength is shown as the strain rate increases from quasi-static to ~103 /s. For the A517 and 
HY80 alloys, there appears to be a correlation between the yield strength and strain rate within the SHPB test. 
Although it may appear that the ductility of the materials increases with increasing strain rate, it should be noted that 
the loading mode is different for the quasi-static and SHPB tests (tensile and compressive, respectively) and that the 
decrease in load at the end of the SHPB tests is caused by unloading (as opposed to sample failure).  
Microstructural analysis was conducted on the as-received alloys and after-SHPB testing. Aside from being 
elongated perpendicular to the loading direction, the microstructures were not appreciably affected by the high strain 
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rate deformation.  There was no evidence to suggest that adiabatic shear bands been formed during testing. The 
350WT alloy had a banded microstructure that highlighted evidence of bowing at the edge of the tested SHPB 
sample. The greatest amount of bowing was observed in the 4 mm×2 mm sample, shown in Figure 4a. The same 
geometry SHPB sample fabricated from the A517 alloy showed evidence of fracture near the edge of one of the 
samples, as shown in Figure 4b.  
Figure 3. True Stress vs. True Strain curves for a) A517, b) HY80 and c) 350WT 
a)   b)
Fig. 4. Montage of micrographs illustrating a) bowing that occurred at the edge of a 350WT SHPB sample with the dimensions 4 mm×2 mm 
and b) cracks which formed at the edge of an A517 SHPB sample with the dimensions 4 mm  × 2 mm. 
5. Summary 
The systematic approach used to increase the accuracy of a SHPB compression bar system is described. The 
optimized system was used to evaluate the high strain rate behavior of three high strength naval steels. The high 
strain rate loading appeared to increase the strength of all three materials.  
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